One contribution of 10 to a theme issue 'Super-sensing through industrial process tomography' . Electrical tomography is a relatively new imaging technique that can image the distribution of the passive electrical properties of an object. Since electrical tomography technology was proposed in the 1980s, the technique has evolved rapidly because of its low cost, easy scale-up and non-invasive features. The technique itself can be sensitive to all passive electrical properties, such as conductivity, permittivity and permeability. Hence, it has a huge potential to be applied in many applications. Owing to its illposed nature and low image resolution, electrical tomography attracts more attention in industrial fields than biomedical fields. In the past decades, there have been many research developments and industrial implementations of electrical tomography; nevertheless, the awareness of this technology in industrial sectors is still one of the biggest limitations for technology implementation. In this paper, the authors have summarized several representative applications that use electrical tomography. Some of the current tomography research activities will also be discussed.
Introduction
Instrumentation and sensing can be found in our everyday life, for example, using scales to measure weight, using a thermometer to measure temperature and using a ruler to measure length, etc. As industrial processes nowadays are more advanced, the effectiveness 2016 The Author(s) Published by the Royal Society. All rights reserved. of sensing instruments has become critical to monitor and control processes. As the processes are often complex and unpredictable, there has always been a high demand to develop new sensing technology to measure and interpret the process conditions.
Since the 1950s, tomography has become a useful instrumentation technology that is able to provide a cross-sectional image of a measurement object or process. In contrast to conventional sensing techniques, which can provide only a single-point measurement value, tomography sensing techniques can provide further information representing the true condition of the measured object. The conventional tomography application lies in the medical diagnosis sector, which involves scanning of the static human body. The technology becomes more challenging when the applications are extended to process industries, as the measured objects are often fast-moving and under extreme environments (high pressure, high temperature, etc.). Different tomography techniques use different forms of penetrating waves to detect the property changes of an object. For example, X-ray tomography uses energetic high-frequency electromagnetic radiation to sense the density of the material; magnetic resonance tomography uses a strong magnetic field and radio waves to sense the hydrogen atoms in the body (tissues contain water molecules). Different physical phenomena are used in different tomography techniques, hence their target applications will also be different. A typical tomography system often consists of multiple transmitters and receivers, aiming to gather as much projection data as possible. The data measured from different projection angles will then be fed into a reconstruction algorithm to convert the measurements into a 'tomogram', the cross-sectional image of the object.
Electrical tomography is a relatively new form of tomography that can be applied in many industrial applications. The concept of electrical tomography was first proposed in the late 1980s [1] [2] [3] [4] [5] . It uses low-frequency electromagnetic waves (kilohertz-megahertz) to sense the passive electrical properties of an object, such as conductivity, permittivity and permeability. Its electrically sensitive property allows it to be applied in many applications. Since the method was proposed, its low cost, non-intrusive and non-invasive features have made the technique extremely attractive compared with conventional X-ray/γ-ray tomography systems. In particular, its biggest advantage is its ability to be applied to large-scale processes, which cannot be achieved using other hard-field techniques such as magnetic resonance imaging and ultrafast X-ray. However, the biggest drawback of the electrical tomography technique is its low spatial resolution because of its severely ill-posed nature. Owing to this drawback, electrical tomography techniques are often more applicable to industrial applications, as high spatial resolution is more vital for medical diagnosis applications.
In the past decades, there have been many research activities trying to optimize both the hardware and software performance of tomography systems. Although most of the activities are still at the research stage, there have been many successful industrial applications that use electrical tomography to perform process monitoring. This paper is going to focus on existing electrical tomography applications. Their existing technical challenges and future development trends will also be discussed.
Electrical tomography technology
Electrical tomography uses electromagnetic waves to sense the electrical property changes of the measurement object. As shown in figure 1 , typically, an electrical tomography system consists of the following components:
-Sensors. A series of transceiver sensors are evenly distributed around the measuring space. Different types of electrical tomography technique will have different forms of sensor structure. -Data acquisition system (DAS). A DAS often consists of a signal generator, sensor frontend electronics (to amplify the signal), switching multiplexers (to change the wave distribution patterns) and analogue-to-digital converters (to store the measurement data digitally). Figure 1 . Block diagram of a typical electrical tomography system.
-Work station. This carries the image processing algorithm, which can reconstruct the DAS measurement data into a tomogram that represents the measured process.
Electrical tomography can be divided into three categories:
(a) Electrical impedance tomography
Electrical impedance tomography (EIT) is the oldest and the most developed tomography technique among the three [1, 6] . A simple way to understand EIT's concept is to link it with Ohm's law: by injecting a current signal through a transmitting electrode pair into the conductive measuring object, the current will create voltage differences on the remaining electrode pairs. The voltage difference measurements on these electrode pairs contain the conductivity information within the sensor region; hence these measurement values can be used to approximate the unknown process condition. For industrial applications, EIT has been widely used for monitoring chemical processes, as most chemicals are electrically conductive [7] . EIT requires direct contact between the electrodes and the measuring material, in order to inject the transmitting current signal successfully. Sometimes in industrial applications, the reactance information of the process material is not significant and hence only the amplitude of the signal is measured. Under these scenarios, EIT can be referred to as electrical resistance tomography (ERT).
(b) Electrical capacitance tomography
Although capacitance sensing techniques were widely used in the 1980s, the official electrical capacitance tomography (ECT) concept was proposed in 1988 [8, 9] . Unlike EIT's current-driven signal, the transmitting signal of ECT is a sinusoidal voltage. The electric charges built up on the remaining electrodes reflect the permittivity distribution of the measuring material. As air is also a dielectric material (ε = 1), air can also be a good medium for displacement current. In other words, ECT electrodes do not need to be in contact with the measuring object.
(c) Electromagnetic tomography
Electromagnetic tomography (EMT) is the most recent electrical tomography technique, which was proposed only in 1992-1993 [10] . EMT is also known as magnetic induction tomography and eddy current tomography. Its principle is based on mutual inductance measurement, i.e. by injecting sinusoidal current into an excitation coil, a potential will be induced on the receiving coil due to the primary magnetic field. If an object is inserted in between the transmitter and receiver, the induced eddy current signal (secondary magnetic field) will also be picked up by the receiving coil. Hence the induced voltage is a function of the conductivity/permeability distribution in the region between the transmitting coil and receiving coil. EMT is able to reconstruct electrical conductivity and permeability tomograms, although the focus is usually on conductivity. Because EMT is also sensitive to conductivity (the same as EIT) and it has the contactless feature, EMT is often proposed as a replacement technique for EIT.
As EIT, ECT and EMT use different physical phenomena to transmit and sense electromagnetic waves, their suitable applications will also be different. Table 1 shows guidance for selecting the most appropriate electrical tomography for different industrial processes.
Industrial applications
Electrical tomography can be a useful tool to control, analyse and optimize many industrial processes. For instance, by monitoring the mixing process in chemical industries, one can determine mixing cycle endpoints precisely and transfer the semi-finished product to the next manufacturing phase; hence the efficiency can be improved. And also, in dredging industries, by monitoring the material flowing through the dredging pipe, one can determine the condition of the dredging process in real time and evaluate the current dredging control conditions.
In the subsections that follow, the authors have selected some application examples for EIT, ECT and EMT, respectively.
(a) Electrical impedance tomography target applications (i) Slurry flow monitoring
Slurry transportation processes can be found in many industrial sectors, for example, dredging, food processing and nuclear waste management. Slurry flow usually involves moving highdensity material through a carrier liquid (e.g. water). Owing to the nature of the processes, the slurry often has a highly abrasive nature and it is necessary to monitor the process not only to evaluate the process but also to avoid future pipeline erosion issues. In most cases, when the electrical conductivity contrast between the solids and the carrier liquid is high enough, EIT can be used to determine the flow regime inside the pipe [11] [12] [13] [14] [15] . There are typically four solid-phase flow regimes in a horizontal pipe: flow with a stationary bed, flow with a moving bed, heterogeneous flow and pseudo-homogeneous flow. The control processes can be optimized by studying these slurry flow patterns. Figure 2 (pictures from [15] ) shows the two-phase flow (sand and water) monitoring result under various slurry concentrations; the results are also cross-checked with a Deltares conductivity concentration measurement system.
(ii) Mixing
Mixing is a critical process that can be found in many sectors: chemical industries, pharmaceutical applications, fast-moving consumable goods productions and food processing. There are different types of mixing process, for example, liquid-liquid mixing, liquid-gas mixing, liquid-solid mixing, gas-solid mixing and multiphase mixing. Mixing can be a challenging process, especially when one of the mixing materials is viscous. Furthermore, the challenges can be further increased when the end product has small tolerance to changes in the mixing process conditions.
As the mixing conditions can strongly affect the quality of the end products, it is very important to monitor the process in order to estimate the yield of the production process. Mixing processes normally involve two or more materials with different electrical properties. When mixing materials are opaque, the process cannot be monitored directly via eye visualization. EIT is, therefore, proposed as a suitable technique that can offer real-time mixing examination as well as flow distribution monitoring [16] [17] [18] [19] [20] . EIT techniques have been implemented in many companies, such as GlaxoSmithKline (GSK, UK) [21] , Johnson Matthey (UK) [22, 23] and Unilever (UK) [17] . the presence of cavities is critical, as cavities need to be avoided in order to achieve a successful blending process.
(iii) Crystallization monitoring
Crystallization is a key reaction in many pharmaceutical/chemical sectors. Combining two ionic materials into a solution can sometimes form a solid, which often causes large variations in electrical conductivity. By monitoring the conductivity change using EIT, the crystallization reaction process can be monitored [24] [25] [26] [27] . The reconstructed conductivity tomogram can help to identify the reaction endpoint and ensure the chemical reactions are controlled precisely, aiming to improve the production yield. Figure 4 shows an ERT example (from GSK), which uses ERT to monitor the paracetamol crystallization process [25] .
(iv) Vortex monitoring
Mixing processes can be found very often in nuclear fuel reprocessing applications. One of the mixing methods is to use a rotating magnetic stirrer to continuously swirl the fluids and create a vortex at the centre of the tank. Stirring of the reaction tank must be continuous and consistent to ensure that the precipitation processes can occur as intended. One way of studying the stirring process is to monitor the size and the shape of the central vortex, which is a good indicator of the rotational speed of the stirrer bar. The traditional method is to locate a conductivity probe at the central air space caused by the vortex. Under stationary conditions, the probe will have contact with the mixing liquid. During the stirring process, the probe will not be in contact with the mixing liquid, due to the air space generated by the vortex. This method is unpredictable and often gives false alarms, due to the splashing of liquor onto the conductivity probe.
The ERT technique was, therefore, proposed to monitor the vortex generated by the rotating stirrer. As the mixing liquors are electrically conductive, visualizing the conductivity tomogram can easily determine the shape of the vortex; hence the stirring process can be controlled precisely. gas holdup: 0% gas holdup: 1.5% gas holdup: 5% Figure 6 . Two-phase gas and liquid flow set-up and the corresponding regime monitoring using ECT technology. Figure 5 shows the vortex tomograms captured in a mixing tank, which is currently installed at the thermal oxide reprocessing plant (THORP) at Sellafield, Cumbria, UK [28] .
(b) Electrical capacitance tomography target applications (i) Two-phase flow
Two-phase flows are important and often have direct impact on the revenue of many processes, especially in the oil and gas, aerospace and chemical sectors. As the materials are often nonconductive, ECT can be used for flow monitoring of dielectric materials such as oil and gas [29] [30] [31] . Using ECT to visualize the process can help site engineers to understand the flow regime of the process, such as stratified/slug/dispersed flows. Figure 6 shows an online pipe flow monitoring process implemented by Polimeri European, Novara, Italy [32] . As shown in the figure, different types of gas/liquid flow regime can be successfully monitored when different volume fractions are introduced into the flow rig. (ii) Pneumatic flow
Pneumatic flow involves solid transportation using a stream of air. It covers a wide range of materials in different sectors such as food (grain distribution), plastics (polymer bead manufacturing) and minerals (coal). These materials are often dielectric materials and hence ECT can be used to determine the solid distribution in the pipeline [33] [34] [35] . The solid distribution can be visualized in tomograms, which can help in understanding the transport patterns of the solid. By studying the flow pattern effectively, the process can be adjusted to make it more efficient and cost effective. Figure 7 shows an example of a fluidized bed process in Particulate Solid Research Inc., where ECT is used to monitor the gas-solid hydrodynamics in a standpipe [35] .
(c) Electromagnetic tomography target applications (i) Pipeline damage inspection
In industrial processes, pipelines are probably the most important tools that can be used for material transportation. In the oil and gas industries, pipelines are particularly important because there is a need to transport the dredged underground materials to the storage reservoir, which is often thousands of kilometres away from the dredging point. If the pipe is damaged and causes a leakage, this will result in serious environmental contamination. Hence, regular pipeline inspection and condition examinations are essential to ensure pipeline integrity. As most pipelines are metallic, EMT's metal-sensitive and contactless features make it a very appropriate technique to examine the pipe conditions [36, 37] . Figure 8 shows the pipe inspection results using an EMT system (pictures from [37] ).
(ii) Molten metal flow
In the steel casting process, the control of molten steel flow through a submerged entry nozzle (SEN) is vital to ensure steel purity and product quality. As the SEN is often opaque and has limited internal access, there is currently no technique that can effectively monitor the actual flow conditions within the SEN. Mathematical simulation and modelling are the only methods of assessing steel flow, which can potentially be erroneous. As EMT is sensitive to materials with high electrical conductivity, it has been proposed as a technique for monitoring molten metal flow patterns and determining the potential clogging caused by alumina deposits during the process [38] [39] [40] [41] [42] .
Recent research development (a) New sensor architecture
Conventional electrical tomography sensors are in circular geometry, i.e. the electrodes are equally attached onto a cylindrical process tank, assuming there is free access around the complete process area. However, this assumption is not always valid, as access to the vessels' peripheral is not always available in many industrial processes. In this case, when there is limited access to the process region of interest, the traditional circumferential sensor cannot be applied. One of the examples is to monitor the flow profiles of pipelines that are embedded inside a wall. Under such situations, the circumferential configuration cannot be implemented because of the mechanical restriction.
To overcome the restriction, a new sensor architecture is required, for example, a planar tomography sensor configuration can be applied in this case [43] [44] [45] [46] , i.e. attaching planar sensors against the wall and monitoring the process inside the wall. Figure 9(a,b) shows the prototype planar ECT and EMT sensor respectively (pictures from [44] ). Apart from the planar form, other sensor geometries were also proposed to accommodate the industrial process environments.
(b) Multidimensional electrical tomography system
Conventional tomography systems can present the electrical property information in twodimensional cross-sectional slices, and no axial (z-axis) information can be obtained. This can sometimes lead to incorrect process interpretation when the processes involve conductivity/permittivity variation along the axial direction. Under such a scenario, a complete two-dimensional reconstruction will be required to provide further information on the axial axis.
In the past few years, many researchers have successfully developed two-dimensional electrical tomography systems [47] [48] [49] [50] . However, in order to further extract the process information, extra sensing strategies are proposed, for example, further extending the system dimensions:
-Temporal dimension. Electrical tomography is a technique with extremely high temporal resolution, i.e. the tomography data acquisition speed is often more rapid than the underlying changes in the medium. As most industrial applications are continuous processes, there must be a certain degree of correlation between successive acquired data frames. This correlation relationship can therefore be very useful to improve the spatial resolution of the electrical tomography technique. Temporal algorithms such as the Kalman filtering technique [51] need to be used to extract the temporal correlation information from reconstructed tomograms [52] [53] [54] . -Spectral dimension. Most of the commercialized tomography systems are operated at a single frequency, i.e. the excited signal is a pure AC sinusoidal signal. However, under some processes, especially in the chemical sector, some of the process materials might be insensitive to the system operating frequency and hence degrade the system performance. In order to avoid such a scenario, a spectro-tomography system has been proposed [55] [56] [57] . Spectro-tomography has a similar concept to electrical impedance spectroscopy, i.e. the excitation signal will now contain multiple frequency components and hence the receiving signal will contain the material responses over a wide frequency spectrum. By using this approach, in combination with the data fusion algorithm spectro-tomography system is able to pick up all the materials' responses, including the impedance and dielectric information.
All these multidimensional methods require extra system hardware design to allow multifrequency signal excitation and sometimes parallel excitation [59] . Software data fusion algorithms are also required to integrate the extra information acquired from all dimensions. In some cases, different tomography modalities can be combined in order to obtain a tomogram with multiple sensing features [60] . One example is to combine EIT and ECT together to realize the three-phase gas/oil/water flow [61] . Nevertheless, for all cases, further studies on the data fusion method are necessary in order to realize the multidimensional approach.
Reconstruction algorithms
The function of reconstruction algorithms is to convert the tomography sensor measurements into a tomogram that represents the electrical property distributions.
Owing to the fact that electrical tomography techniques generally have a low spatial resolution compared with hard-field tomography techniques, there has been much research on new reconstruction algorithm developments [62] [63] [64] [65] . The common goal of these new algorithms is to improve electrical tomography's ill-posed nature, aiming to achieve a better spatial resolution and image accuracy. Ideally, a good algorithm needs to have the following features:
-high accuracy; -low computational complexity; and -robustness.
Unfortunately, it is really difficult to have an algorithm that satisfies all these features. In the past few decades, there have been many studies on new algorithm designs. Some of the algorithms that do not require high computational resources have been implemented for commercial application [66] . However, some of them are not used in any real-time application because of their high computational complexity/low robustness.
For example, although the forward and inverse problems of electrical tomography are always associated with nonlinear behaviour, a linear approximation is always implemented in real-life tomography applications due to decreased computational complexity. This linear approximation comes with a price of system accuracy, as shown in figure 10 (pictures from [67] ). In order to solve a nonlinear inverse problem, the forward problem needs to be updated in every iteration cycle. This means that the inverse solver needs to employ a discretization method such as the finite-element method in order to solve the partial differential Maxwell equations. All these methods require an extensive amount of computational resources and they eliminate electrical tomography's high-speed advantage completely.
There are also other algorithms that can offer higher image resolutions. For example, the total variation method [68, 69] uses different vector norm differentiation methods to offer higher-accuracy tomograms when the electrical property distribution has a sharp edge change. Nevertheless, it is generally considered not robust enough for industrial applications, as the reconstructed tomograms start to become erroneous when the monitored process has a smoothly changed electrical distribution. There are also other direct reconstruction methods such as Calderon's method and D-bar methods [70] , which have also received lots of attentions recently.
The biggest drawback of the above-mentioned methods is often the long computational time. In the future, when the computational hardware performance evolves, these methods can potentially be more suitable for industrial real-time operation. Future computational improvements such as pattern recognition, neural networks and parallel computing will strongly influence the development of the super-sensing process tomography technology. 
Conclusion and future challenges
Electrical tomography is a relatively new instrumentation tool that can benefit a lot of process industries. Although the technology has already been implemented into real-life industries, there is still much room for improvement and further development. In particular, more thoughts need to be considered when transferring the research outcomes into real-life tomography applications. The most difficult part is to establish a balance between system performance (accuracy and resolution) and applicability (speed and robustness). Electrical tomography is not a standalone subject; to achieve a successful tomography implementation, it needs to integrate in-depth knowledge from different fields (process, electronics, physics and mathematics, etc.). To realize this, a cross-disciplinary team is essential, and team members need to work together with other tomography engineers and process engineers. In this paper, the authors have demonstrated several successful electrical tomography applications. Although electrical tomography is considered as a mature technique with a huge market potential, the awareness of the technology in industrial sectors is still one of the main limitations for its usage. Nevertheless, the electrical tomography community is still evolving and it is hoped that there will be more real evidence to demonstrate the effectiveness and reliability of applying electrical tomography technology to various industrial sectors.
